Henney NC, Li B, Elford C, Reviriego P, Campbell AK, Wann KT, Evans BA. A large-conductance (BK) potassium channel subtype affects both growth and mineralization of human osteoblasts. cology of the large-conductance K ϩ (BK) channel in human osteoblasts is not well defined, and its role in bone is speculative. Here we assess BK channel properties in MG63 cells and primary human osteoblasts and determine whether pharmacological modulation affects cell function. We used RT-PCR and patch-clamp methods to determine the expression of BK channel subunits and cell number assays in the absence and presence of BK channel modulators. RT-PCR showed the presence of KCNMA1, KCNMB1, KCNMB2, KCNMB3, and KCNMB4 subunits. The BK channel was voltage dependent, with a mean unitary conductance of 228.8 pS (n ϭ 10) in cell-attached patches (140 mM K ϩ /140 mM K ϩ ) and a conductance of 142.5 pS (n ϭ 16) in excised outside-out and 155 pS (n ϭ 6) in inside-out patches in 3 mM K ϩ /140 mM K ϩ . The selectivity ratio (ratio of K ϩ to Na ϩ permeability) was 15:1. The channel was blocked by tetraethylammonium (TEA, 0.3 mM), iberiotoxin (5-60 nM), tetrandrine (5-30 M), and paxilline (10 M) and activated by isopimaric acid (20 M). BK channel modulators affected MG63 cell numbers: TEA and tetrandrine significantly increased cell numbers at low concentrations (3 mM and 3 M, respectively) and reduced cell numbers at higher concentrations (Ͼ10 mM and Ͼ10 M, respectively). Neither iberiotoxin (20 -300 nM) nor slotoxin (300 nM) affected cell numbers. The increase in cell numbers by TEA was blocked by isopimaric acid. TEA (0.1-3.0 mM) significantly increased mineralization in primary osteoblasts. In conclusion, the BK channel has a distinctive pharmacology and is thus a target for therapeutic strategies aimed at modulating osteoblast proliferation and function.
OSTEOBLASTS, OSTEOBLAST-LIKE cells, and human osteogenic precursor cells (mesenchymal stem cells) possess an array of plasma membrane receptors and ion channels, including receptors for growth factors and cytokines (11) , vitamin D (46) , estrogens (19) , prostaglandins (26, 32) , glutamate (9, 10) , and nucleotides and adenosine (8, 14, 17, 27) . The ion channels include a persistent TTX-insensitive and TTX-sensitive Na ϩ channel (21, 22, 33) , an L-type Ca 2ϩ channel (12, 21, 22, 25) , a volume-sensitive Cl Ϫ channel (35) , and mechanosensitive cation channels (7) .
In addition, K ϩ channels have been described, some of which are modulated by important classes of mediators such as the estrogens (19) . These include voltage-gated K ϩ channels of the S4 family with six transmembrane domains (21, 22) , an inward rectifier (45) , ATP-sensitive K ϩ channels (25) , and a two-pore domain K ϩ channel (15) . Additionally, the Ca 2ϩactivated K ϩ channels are well represented: small-, intermediate-, and large-conductance Ca 2ϩ -activated K ϩ channels are present (6, 13, 21, 22, 25, 26, 28, 31, 32, 41) .
Voltage-gated or voltage-dependent channel function is well understood in excitable cells but is less clear in inexcitable cells. Thus voltage-gated K ϩ channels regulate thresholds and discharge patterns of electrical activity in nerve cells; however, in cells of the immune system, cancer cells, cells in mineralized tissue, or chondrocytes, their presumed role is in proliferation, differentiation, and apoptosis. The important role of K ϩ channels in proliferation of cells of the immune system and tumor cells was highlighted over 10 years ago (20, 42) , and a putative role for these channels in apoptosis and proliferation in many cell types has been reviewed (1, 3, 18) . Indeed, the expression of subtypes of K ϩ channels varies with the phases of the cell cycle in mesenchymal stem cells, and this may contribute to cell cycle progression (6) .
Bone is a dynamic organ that undergoes continuous renewal, depending critically on cellular proliferation and apoptosis. Bone resorption by osteoclasts must correspond to the amount of bone that is made by osteoblasts, so that the total bone mass is conserved. Osteoblast function is regulated by hormones, growth factors, and other signaling factors, and ion channels expressed in these cells may be involved. We have shown that the large-conductance Ca 2ϩ -activated K ϩ channel (BK Ca or maxi-K) is highly prevalent and densely expressed in MG63 and SaOS2 osteoblast-like cells (38, 39) . The BK channel is also present in human primary osteoblasts (13) . BK channels are coassembled from four ␣-subunits with associated ␤-subunits, and quantitative PCR in human primary osteoblasts shows that the predominant subunits expressed are ␤ 3 and ␤ 4 (13) . The MG63 BK channel has been reported to be sensitive or insensitive to the peptide scorpion toxin blockers charybdotoxin and iberiotoxin (IbTX) (25, 32, 41) . The MG63 BK channel is also insensitive to PKA, which may be diagnostic in elucidating which subtype is present (26) : in the brain, BK channels have been distinguished on the basis of the effects of PKA and sensitivity to these peptide scorpion toxins. Hence, channels that are toxin sensitive and respond to PKA with an increase in activity are referred to as type I BK channels, and channels that are toxin resistant and respond to PKA with a decrease in activity are known as type II channels (29, 30) . Type II channels are, however, sensitive to the alkaloid tetrandrine (37) , and it has been proposed that coassembly of the ␣-subunit with a ␤ 4 -subunit confers properties similar to those of the type II BK channels (23, 24) .
We now extend our findings on the BK channel in MG63 cells and primary human osteoblasts. Specifically, we investigate more fully the pharmacology of the channel and assess its role in cell growth and mineralization. We have also sought to ascertain the subunit composition of the native channel. Our pharmacological data indicate that the osteoblast BK channel may be heterogeneous and functional.
MATERIALS AND METHODS

Chemicals
The following compounds were used: the broad-spectrum K ϩ channel blocker tetraethylammonium (TEA) and the BK type II blocker tetrandrine (Sigma), the BK type I blockers IbTX and slotoxin, the BK type II blocker paxilline, the BK channel opener isopimaric acid (Alomone Laboratories, Caltag-Medsystems), and the L-type Ca 2ϩ channel blocker nifedipine. Stock solutions of TEA were made up in distilled water and dissolved in Na ϩ -Locke solution for patch-clamp experiments and in DMEM (Invitrogen, Paisley, UK) for cell culture. Stocks of all other drugs were made up in DMSO to the appropriate concentrations, as described above for TEA. For patchclamp measurements, any one concentration of drug was applied for a maximum of 1 min.
Cell Culture
MG63 osteoblast-like cells (originally derived from the osteosarcoma of a 14-yr-old boy) were cultured at 37°C in 25-cm 2 flasks in a humidified atmosphere of 5% CO2-95% air in DMEM containing 100 U/ml penicillin and 100 g/ml streptomycin with 5% FBS (Invitrogen) (5) . Medium was changed every 3-4 days, and cells split 1:5 after 1 wk. Cells were seeded onto 16-mm glass coverslips in six-well plates or petri dishes for patch-clamp recording.
Primary human osteoblasts were derived from normal hip bone of a 64-yr-old Caucasian woman at passages 3 and 4 (PromoCell) and maintained as proliferating cultures using the recommended growth medium. PromoCell confirms that the cells are positive for osteocalcin by immunofluorescence and maintain their osteoblast phenotype for Ն10 passages. For the mineralization assays, an additional batch of primary human osteoblasts derived from a 22-yr-old Caucasian man (Lonza, Berks, UK) was maintained in cell culture as recommended by the suppliers.
RNA Extraction and cDNA Synthesis
Total RNA was extracted from MG63 cells at 80% confluence in 25-cm 2 flasks using TRIzol (Invitrogen), treated with DNase (DNA-free, Ambion), and quantified by measurement of absorbance at 260 nm. The absorption ratio (ratio of absorption at 260 nm to absorption at 280 nm) was Ͼ1.7. cDNA was then synthesized using the ImProm-II RT System (Promega). An initial mixture of RNA (1 g), 1 l of random primers (0.5 g/l), and nuclease-free water (5 l final volume) was incubated at 70°C for 5 min and then held on ice for another 5 min. This initial mixture was added to a reverse transcriptase mixture of 4 l of reaction buffer (5ϫ), 3 mM MgCl 2, 0.5 mM each dNTP, 0.5 l of recombinant RNasin ribonuclease inhibitor, 1 l of reverse transcriptase, and nuclease-free water to a final volume of 20 l and incubated at 25°C for 5 min, 42°C for 60 min, and 70°C for 15 min. A negative control for each RNA sample was produced by setting up the RT reaction as usual but omitting the reverse transcriptase. cDNA was controlled by PCR for ␤-actin.
RT-PCR
GenBank accession numbers and positions of primers within the coding sequence were as follows: NM_002247, 5Ј-acgcaatctgcctcgca-gagttg-3Ј (1640 -1662), and 5Ј-catcatgacaggccttgcag-3Ј (2047-2028) for KCNMA1; NM_004137, 5Ј-ctgtaccacacggaggacact-3Ј (268 -288), and 5Ј-gtagaggcgctggaataggac-3Ј (456 -436) for KCNMB1; NM_181361, 5Ј-catgtccctggtgaatgttg-3Ј (465-484), and 5Ј-ttgatccgttggatcctctc-3Ј (701-682) for KCNMB2; NM_171830, 5Ј-aacccccttttcatgcttct-3Ј (537-556), and 5Ј-tcttcctttgctcctcctca-3Ј (813-794) for KCNMB3; and NM_014505, 5Ј-gttcgagtgcaccttcacct-3Ј (195-214), and 5Ј-taaatggctgggaaccaatc-3Ј (439 -420) for KCNMB4. Primers were designed using Primer3 software (34) and purchased from Invitrogen. Specificity was confirmed by BLAST (basic local alignment search tool) analysis.
PCR mixtures of 25 l contained 1 l of cDNA (or no-RT product for negative controls), 4 pmol each of the forward and reverse primers, 0.625 U of GoTaq polymerase, 1.5 mM MgCl 2, Green GoTaq reaction buffer, 0.2 mM each dNTP (dNTPs from Bioline, London, UK, and all other reagents from Promega), and nuclease-free water. PCR cycling conditions were as follows: 95°C for 2 min followed by 40 cycles of 95°C for 30 s, 58°C for 45 s, and 72°C for 60 s, with a final extension step of 72°C for 5 min. All reaction products (10 l of each) were visualized on 2% agarose gels by staining with ethidium bromide. Negative control PCR with no-RT product as a template was performed in all experiments. PCR product identity was confirmed by sequencing with BigDye Terminator version 3.1 cycle sequencing kits (Applied Biosystems).
Electrophysiology
Conventional patch-clamp methods were used. For cell-attached recordings, the bath (Na ϩ -Locke) solution contained (in mM) 150 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose, with pH adjusted to 7.4 with HCl. Patch electrodes were backfilled with a high-K ϩ saline containing (in mM) 5 NaCl, 140 KCl, 1 MgCl2, 0.1 or 1 CaCl2, 10 HEPES, and 0.11 or 11 EGTA, with pH adjusted to 7.2 with KOH. Where the sensitivity to intracellular Ca 2ϩ was assessed, excised inside-out patch recordings were made in symmetrical (140 mM KCl) solutions, with free Ca 2ϩ levels changed by adjustment of the EGTA-to-CaCl2 ratios (4) . All solutions were filtered on application through 0.2-m polyvinylidene difluoride membrane 4-mm syringe filters (Whatman). Patch electrodes were pulled from borosilicate glass capillaries (1.5-mm OD, 0.86-mm ID; model GC150-F10, Harvard Apparatus) and fire polished; their electrical resistances were 4 -7 M⍀.
Subconfluent cells cultured on coverslips (Ͻ3 days after seeding) were used for patching. Under sterile conditions, a coverslip was transferred to a glass recording chamber and held in place by a tiny amount of petroleum jelly. Approximately 100 l of bathing solution were added to bathe the coverslip only, thus forming a convex meniscus on the slip. The recording chamber was then transferred to the stage of an inverted microscope mounted on an antivibration table (Spindler and Hoyer UK, Milton Keynes) surrounded by a Faraday cage. The electrode was positioned using a hydraulic micromanipulator (model MW-3, Narishige), and recordings were obtained at ϫ400 magnification at room temperature (20 -27°C), where the gigaseals were Ͼ1 G⍀.
Data Acquisition
Single-channel openings were amplified (Axopatch 1D, Axon Instruments) with filtering at 5 kHz (Ϫ3 dB, 4-pole Bessel filter), digitized at 20 kHz (Digidata 1200A, Axon Instruments), and written to hard disk as PAT or EDR files using Strathclyde Electrophysiology Data Recorder software (John Dempster, University of Strathclyde).
Data Analysis
Segments of record (usually 30 s) were analyzed. The all-points histogram of the distribution of current amplitudes was constructed for each holding potential, and the peaks were fitted with a Gaussian distribution curve. If the peaks were poorly resolved, Patlak average histograms were constructed to reveal better-defined peaks. Unitary current amplitudes (the mean of the current obtained from the Gaussian fit to the open peaks in distribution of current amplitude plots) were plotted against the respective holding potentials to produce a current-voltage relationship. Open probabilities (P o) were derived from the all-points histograms of the distributions of current amplitudes. Data points were fitted by linear regressions or polynomials (Origin 7 software, Originlab). Boltzmann curves were fitted to P o-patch potential plots, according to the following equation:
The following Goldman-Hodgkin-Katz equation was used to calculate the permeability ratio (P K/PNa) Cell Counting MTS assay. MG63 cells were seeded into 96-well plates at a density of 3 ϫ 10 3 cells per well and incubated in one of three test media (as above) at 37°C in an atmosphere of 5% CO2 for 96 h. Each concentration of drug was tested at least four times. The assays were performed by addition of 20 l of the 20:1 MTS-PMS dye solution (CellTiter 96 AQ ueous Nonradioactive Cell Proliferation Assay, Promega) directly to each well and incubation for 1-2 h; then absorbance was recorded at 490 nm with a Tecan ELISA 96-well plate reader. The data were expressed as relative cell number, i.e., the optical density for each experimental group divided by the optical density for the control group.
Trypan blue exclusion. All cell counting was performed on MG63 cells grown in 12-well plates, seeded at 3 ϫ 10 4 cells per well. The number of MG63 cells was measured under four conditions in triplicate wells in each 12-well plate. Treatment consisted of exposure to 1) normal medium (DMEM), 2) medium ϩ drug vehicle (e.g., DMSO), or 3) two specific drug concentrations. Test drugs/conditions were applied 24 h after cell seeding, and the cells were incubated in the test medium for a further 96 h. Cells were trypsinized, and cells in the same treated group were collected into one centrifuge tube. After 5 min of centrifugation at 500 g, cells were resuspended in equal quantities of DMEM and 0.4% Trypan blue dye. The unstained live cells and stained dead cells were counted using a hemocytometer. The relative cell number was determined as the total cell count of each experimental group divided by the total cell count of the control group. This procedure was carried out two separate times for TEA and tetrandrine.
Mineralization
Since MG63 cells do not mineralize in culture, these experiments were conducted with two different batches of primary human osteoblasts maintained as described above. Cells were seeded into 12-well plates and maintained in culture until they were almost confluent. They were then treated with culture medium containing l-ascorbic acid 2-phosphate (50 g/ml), ␤-glycerophosphate (2 mM), and dexamethasone (10 Ϫ7 M), in the presence or absence of TEA (0.1, 1, and 3 mM). The media were changed twice weekly, and the cells were stained for Ca 2ϩ deposits within the mineralized matrix 3-4 wk after the start of the assay. Briefly, experiments were terminated by fixation of cell layers in formal saline (4.1% formaldehyde in PBS) for 15 min. Mineralized bone nodules were visualized by staining with Alizarin Red (1% solution in water) for 5 min, rinsed with 50% ethanol to remove excess stain, and then air-dried. The amount of mineralization in the plates of human osteoblasts was quantified using two methods. Five photographs were taken of each well in each plate. The intensity of the staining in each well was quantified using the computer program Image-Pro Plus 6.1. The color from each well was also extracted using a 10% solution of hexadecylpyridinium, which was added to each well and left for 1-2 nights on a flat-bed shaker. The optical density of the color was determined at 562 nm using a spectrophotometer.
Statistics
Statistical significance (P Ͻ 0.05) was calculated on all data sets using one-way ANOVA and Bonferroni's post hoc test. All pooled data are presented as means Ϯ SD unless otherwise stated.
RESULTS
RT-PCR
RT-PCR was carried out using primer pairs for BK channel subunits. BK ␣-subunit (KCNMA1) and ␤1-, ␤2-, ␤3-, and ␤4-subunits (KCNB1, KCNB2, KCNB3, and KCNB4) were present in MG63 cells. Bands of the appropriate size were present in the electrophoresis gels (Fig. 1A) , and product identity in each case was confirmed by direct sequencing. Similar results were obtained for human primary osteoblasts under the same conditions (Fig. 1B) .
Channel Properties
Recordings from cell-attached patches in MG63 cells showed at least two types of channel open at or near the resting membrane potential. Here we focus on the larger of the two openings. These large openings were observed in cell-attached and excised patches. A single current-voltage relationship in a cell-attached patch (symmetrical K ϩ ) and pooled current-voltage data for this channel in excised patches (asymmetric K ϩ gradient) are shown in Fig. 2A . The data were fitted by polynomials or a straight line yielding mean slope conductances of 280 pS for the cell-attached data and 142.5 (n ϭ 16) and 155 (n ϭ 6) pS for the excised outside-out and inside-out patches, respectively. In cell-attached recordings, the unitary current drops off at very positive potentials because of blockade of the channel by Na ϩ , and these data were not included in the fit. The mean conductance for cell-attached patches in symmetrical K ϩ (0-to 150-mV patch potential change) was 228.8 Ϯ 46.8 pS (n ϭ 10). The reversal potential from the mean data in excised inside-out patches was ϩ60 mV, giving a P K -to-P Na ratio (computed from the Goldman-Hodgkin-Katz equation) of 15:1. This channel was voltage dependent, with activity increasing markedly with strong depolarization and often more than three active channels at potentials positive to ϩ40 mV. The relationship between P o and voltage was fitted by a Boltzmann function, and typical data for two cell-attached patches are shown in Fig. 2B . A large-conductance channel was also observed in primary human osteoblasts in 13 cellattached patches. Sometimes this channel coexisted with a smaller channel (Fig. 2C) ; in other cases, only the largeconductance channel was present. The current-voltage relationship for this channel in a single cell-attached patch in a human primary osteoblast is shown in Fig. 2D , where the slope conductance is 230 pS. The MG63 cell channel was also sensitive to intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ), inasmuch as bath application of glutamate (100 M), which, as we have demonstrated, causes increases in [Ca 2ϩ ] i in these cells (data not shown), produced a marked reversible increase in activity of the channel at ϩ100 mV in cell-attached patches. In five inside-out patches from MG63 cells, the response of the channel to changes in [Ca 2ϩ ] i was measured directly. The increase in activity of a single patch in response to an increase in [Ca 2ϩ ] i from 100 to 500 nM is shown in Fig. 2E . Given the selectivity of the channel and its unitary conductance, voltage dependence, and activation by [Ca 2ϩ ] i , we conclude that the channel is the BK channel. The pharmacological profile of this channel in MG63 cells is now described.
Pharmacology
The effects of the channel blockers TEA, tetrandrine, and IbTX and the channel opener isopimaric acid (16) were tested on the BK channel in outside-out patches at potentials between ϩ20 and ϩ50 mV. Figure 3A shows the reversible effects of 300 M and 1 mM TEA at ϩ20 mV, and Fig. 3B shows the apparent reduction of the unitary current at 0 and ϩ20 mV. TEA (300 M-1 mM) produced a reversible blockade in six patches. Tetrandrine (5-30 M, n ϭ 19) and IbTX (5-60 nM, n ϭ 5) also blocked the BK channel (Fig. 3, C and D, and Fig. 4,  A and B) . Tetrandrine caused 42% (n ϭ 2), 80% (n ϭ 2), 85% (n ϭ 2), and 100% (n ϭ 2) blockade of the BK channel at 5, 10, 20, and 30 M, respectively (Fig. 3D) , with little voltage dependence (Fig. 3D ). The fractional inhibition by IbTX showed voltage dependence (over 0 -50 mV), with higher inhibition at 0 mV than at more positive voltages (Fig. 4B) . In five additional patches, both blockers were tested, and in these cases all were sensitive to tetrandrine but only two were sensitive to IbTX (90 nM). The channel was activated significantly (P Ͻ 0.05) by isopimaric acid (10 M) in three outside-out patches (Fig. 4, C and D) and was also blocked by "intracellular" paxilline (10 M) in five inside-out patches (data not shown). The BK channel was also observed in outside-out (n ϭ 11) and inside-out (n ϭ 4) patches in primary osteoblasts. The pharmacology of the BK channel was examined in outside-out patches and was similar to that of the MG63 cells (Fig. 5 ). The BK channel was blocked by external TEA (300 M), was always sensitive to 10 -60 M tetrandrine (n ϭ 5), and was blocked by IbTX (30 -120 nM) in only some (3 of 5) cases. Although not studied systematically, the sensitivity of the BK channel to IbTX was comparable in the primary cells and MG63 cells (compare Fig. 4B with Fig. 5D ).
Cell Numbers
MTS. We have examined the effects of TEA and tetrandrine on MG63 cell numbers after 96 h (Fig. 6 , A-C). TEA and tetrandrine had a dual effect on growth, significantly increasing cell numbers (P Ͻ 0.05) at low concentrations (Յ3 mM and 3 M, respectively) but decreasing cell numbers at Ն10 mM and 10 M, respectively (n ϭ 4, P Ͻ 0.05). Neither IbTX (300 nM, n ϭ 5) nor slotoxin (300 nM, n ϭ 3) had an effect on cell numbers (Fig. 6D) . These stimulatory effects of TEA and tetrandrine occurred at concentrations of these agents equivalent to those required to achieve BK channel blockade (Fig. 6A,  inset) .
To test whether this was the principal mechanism by which the stimulation was achieved, we grew MG63 cells in the presence of TEA and a BK channel opener, isopimaric acid. The TEA-induced increase in cell numbers could be prevented 50 M isopimaric acid (Fig. 6E ). Interestingly, paxilline (1 M, n ϭ 2) produced a small increase in cell numbers; however, higher concentrations (Ͼ10 M) caused cell death. The L-type Ca 2ϩ channel blocker nifedipine was tested in three experiments with MG63 cells and two experiments with primary osteoblasts. Nifedipine (1 and 10 M) had no effect on cell numbers (Fig. 6F ). Trypan blue exclusion. In the growth assay, MG63 cell numbers were increased at low concentrations and decreased at high concentrations in the case of TEA and tetrandrine in repeat experiments. The inhibition of the stimulatory effect of TEA by isopimaric was also confirmed in repeat growth assays (data not shown). Using blockers over a full range of concentrations, we also carried out viability measurements with Trypan blue. In summary, low concentrations of blockers Fig. 2 . A: current-voltage data for the BK channel in outside-out, cell-attached, and inside-out patches from MG63 cells. Pooled data (means Ϯ SE) are shown for excised patches, and a single example is shown for cell-attached patch. Lines of best fit yielded conductances of 142.5 pS (n ϭ 16) for outside-out patches, 155 pS (n ϭ 6) for inside-out patches, and 280 pS for cell-attached patch. In all cases, bath solution was Na ϩ -Locke and pipette solution was high-K ϩ medium. Reversal potential was 60 mV for inside-out patch. Selectivity of the channel was estimated from inside-out data in reverse physiological gradient, with selectivity ratio [ratio of K ϩ to Na ϩ permeability (PK/PNa)] calculated from the Goldman-Hodgkin-Katz equation. Inset: channel openings in an outside-out and an inside-out patch at 0 mV. B: activation [open probability (Po)-voltage] curve for the channel in cell-attached patches from 2 MG63 cells. Data were fitted by a Boltzmann relationship, with V0.5 (potential at which Po ϭ 0.5) and slope factor of ϩ50 mV and 6.5, respectively. Inset: channel openings at the denoted potential. C: segment of recording from a cell-attached patch at ϩ100 mV in a primary human osteoblast. D: channel openings at ϩ150 mV in a cell-attached patch from a primary human osteoblast. There were Ն5 channels in this patch. Current-voltage relationship for data from the same patch is also shown. Line of best fit yielded a unitary conductance of 230 pS. E: effect of increasing intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) from 100 to 500 nM in an excised inside-out patch from an MG63 cell at ϩ40 mV.
(TEA and tetrandrine) that increase cell numbers do not affect the percentage of dead cells, whereas higher concentrations of blockers (i.e., 10 -30 mM TEA and 10 M tetrandrine) increase significantly the number of dead cells (data not shown).
Mineralization
When included in mineralization assays with primary human osteoblasts (Fig. 7, A and B) , TEA (0.1, 1, and 3 mM) significantly increased the amount of staining with Alizarin Red S, indicating that TEA significantly increased mineralization of these cultures. For example, in Fig. 7A , image analysis showed that 3 mM TEA increased mineralization from 12,677.2 Ϯ 5,772 to 85,736.9 Ϯ 24,853 arbitrary units (P Ͻ 0.001, n ϭ 20), and color extraction showed that 3 mM TEA increased optical density from 0.457 Ϯ 0.052 to 1.387 Ϯ 0.110 (P Ͻ 0.001, n ϭ 4). The results were similar with osteoblasts obtained from two different donors (Fig. 7, A and B) .
DISCUSSION
The data presented here represent the first systematic characterization and comparison of the BK channel in human osteoblastlike cells and primary osteoblasts. The principal findings may be summarized as follows. 1) RT-PCR showed that all the BK channel subunits, KCNMA1, KCNMB1, KCNMB2, KCNMB3, and KCNMB4, were expressed in MG63 cells and human primary osteoblasts. One sole band for KCNMA1 was present, and sequencing confirmed that a number of isoforms (hbr2, hbr3, hbr4, hbr6, and hbr7) in splicing site 1 were absent in these cells (36) .
2) The large-conductance BK channel is voltage dependent, has a mean conductance of 228.8 pS in symmetrical 140 mM K ϩ , and has a selectivity ratio (P K /P Na ), estimated in excised inside-out patches in asymmetric K ϩ , of 15:1.
3) The BK channel was blocked by external TEA, IbTX, slotoxin, and tetrandrine and internal paxilline; it was activated by isopimaric acid. 4) In growth assays, the two blockers TEA and tetrandrine increased cell numbers at low concentrations and decreased cell numbers at higher concentrations. The stimulatory effect of TEA was shown to be blocked by the BK channel opener isopimaric acid. 5) In mineralization assays, TEA (0.1-3.0 mM) produced a striking dose-dependent increase in staining. The single-channel conductance of the BK channel and its dependence on external K ϩ are similar to other tissues. However, the ionic selectivity as determined in an excised patch is perhaps lower than has been previously reported (4, 40) .
All the ␤-subunits (KCNMB1, KCNMB2, KCNMB3, and KCNMB4) are expressed in MG63 cells and the human primary osteoblasts, although the relative amount of each is not known. The subunit composition of the native channel may be inferred from the data of Hirukawa et al. (13) , who showed that, in primary human osteoblasts derived from ulnar periosteum, the principal subunits expressed were ␤3 and ␤4. The pharmacological picture here is interesting, in that the osteoblast BK channel can always be blocked by tetrandrine but, in some cases, can be blocked by the scorpion toxin IbTX and the alkaloid tetrandrine. The subunit composition determines the sensitivity to IbTX, and the presence of IbTX-sensitive and -insensitive BK channels is consistent with the expression of ␣ ϩ ␤3and ␣ ϩ ␤4-subunits (23, 24) . The position of the activation curve on the voltage axis and its dependence on [Ca 2ϩ ] i are also dependent on the subunits expressed, the activation of channels consisting of a shift of ␣ ϩ ␤3or ␣ ϩ ␤4-subunits to depolarizing potentials compared with that of channels that comprise ␣ ϩ ␤1-subunits (23) . A fuller analysis of the voltage of activation at different [Ca 2ϩ ] i in excised patches is, however, required to assess the precise subunit composition from such data. Resistance to IbTX is usually considered one hallmark of the type II BK channel (30) . We conclude that osteoblasts do possess type I BK channels, but our results may also indicate that not only the type I BK channel is present in osteoblasts. The pharmacology is only partially diagnostic of the subunit composition, and more characterization of the channel and quantitative PCR will provide further clues to the precise makeup of the native channel in the cell lines and the human primary osteoblasts used here. As an aside, the action of IbTX is voltage dependent, with less blocking activity at positive voltages (Fig. 3B) , which is consistent with the drug having a net positive charge (2) .
What might be the role for BK channels in bone cells? Previously, it was shown that parathyroid hormone and prostaglandin E 2 activate BK channels in osteoblasts (26) . Also, Moreau et al. (25) suggest that the release of the bone matrix protein osteocalcin is increased by the opening of voltage- operated Ca 2ϩ channels and that, by blockade of BK, osteocalcin secretion is also increased. Modulation of secretion and growth may therefore be the end result of BK channel blockade. Our mineralization data with primary osteoblasts certainly show that K ϩ channel blockade by TEA has a profound positive impact on this process.
The effect of 1-30 mM TEA on cell numbers was studied. BK channel blockade was complete at 3 mM. All actions of TEA above this concentration may therefore be due to effects unrelated to BK channel blockade. It is, however, perhaps dangerous to compare these concentrations, since in the patchclamp studies we were examining the effect of an acute exposure (10s of seconds to 1 min) to the blocker on channel activity in excised patches (cell-free patches without intracellular machinery) at room temperature (20 -25°C), whereas the effects on cell growth were carried out in populations of cells over 96 h at 37°C. The dual effect of TEA and tetrandrine in the growth assays is difficult to explain, since this action is not shared by IbTX. The first implication, if it is assumed that their effects are mediated solely through BK channel blockade, is that the inhibition of BK channels affects at least two different processes. The sensitivity of the increase in cell numbers by TEA to the BK opener isopimaric acid shows that the increase at least is due to the blockade of BK channels. Cell number is clearly a function of proliferative capacity and apoptotic mechanisms in MG63 cells, and both of these processes may be sensitive to BK channel blockers. The increase of cell numbers at low concentrations and the decrease at higher concentrations of blockers could be, in principle, due to the fact that the action of the blockers on one of these processes is dominant at a particular concentration. Hence, low concentrations enhance proliferation predominantly, and higher concentrations increase apoptotic mechanisms. K ϩ channels have been linked previously to proliferation and apoptosis, and the contribution of the BK channel to apoptosis could readily be tested in future work. Previously, it was proposed that K ϩ channel activation and the resultant K ϩ efflux accelerate apoptosis (1). Our results with low concentrations of blockers are consistent with this proposal, in that BK channel blockade stimulates MG63 cell growth, which may be due to decreased apoptosis. These drugs might also have other effects contributing to increased apoptosis. For example, tetrandrine blocks L-type Ca 2ϩ channels in smooth muscle cells (44) , and such an action could contribute to tetradrine-induced reduction of growth or enhanced apoptosis in the cells studied here. However, we have shown that the dihydropyridine L-type Ca 2ϩ channel blocker nifedipine has no effect on MG63 cell growth (Fig. 6F) , which argues against a Ca 2ϩ channel involvement in the increase or decrease in growth by tetrandrine observed here.
The second conclusion to be drawn is that the IbTX-insensitive subtype of BK channel modulates growth of these cells, since IbTX had no action over a wide concentration range. Whether this BK channel is equivalent to the neuronal BK type II channel remains to be investigated further as discussed above. A number of reports link membrane potential to progression through the cell cycle. The current view is that the antiproliferative effect in many cells of agents such as K ϩ channel blockers stems from the depolarization they produce (3, 18) . Such depolarization would only occur with these blockers if the BK channel makes a significant contribution to the resting conductance. However, it is significant that blockade of K ϩ channels also reduces apoptosis, perhaps by increasing cell volume, and, in contrast, activation of K ϩ channels increases apoptosis, presumably through reduced cell volume. In our experiments, low concentrations of blockers such as TEA and tetrandrine increase cell numbers in proliferation assays (Fig.  6 ). This may indicate that the overriding effect at these concentrations is reduction of apoptosis. This needs to be examined directly in future studies in these cells.
The data presented here show that a BK channel with sensitivity to tetrandrine and IbTX is present in osteoblasts. Some blockers of this channel affect the growth of these cells and, in the case of TEA, the mineralization process also, opening the possibility that regulation of BK channel function may be a useful future strategy. The prospects are particularly encouraging, inasmuch as a number of ligands are specific for BK channels (16, 43) , and drug design strategies with K ϩ channels as targets are well developed.
